We report the synthesis of aligned arrays of millimeter long carbon nanotubes (CNTs), from benzene and ferrocene as the molecular precursor and catalyst respectively, by a one-step chemical vapor deposition technique. The length of the grown CNTs depends on the reaction temperature and increases from ~85 µm to ~1.4 mm when the synthesis temperature is raised from 650 to 1100 °C, while the tube diameter is almost independent of the preparation temperature and is ~80 nm. The parallel arrangement of the CNTs, as well as their tube diameter can be verified spectroscopically by small angle X-ray scattering (SAXS) studies. Based on electron diffraction scattering (EDS) studies of the top and the base of the CNT films, a root growth process can be deduced.
Introduction
CNTs have been extensively studied in recent years due to their unique structural and physical features, and chemical and mechanical properties [1] as well as for their potential technological applications. In particular, vertically aligned, long CNTs with high density are promising for device applications that require a large effective surface area and a high aspect ratio, such as, e.g., field electron emitters [2] , gas storage media [3] , or chemical sensors [4] . Thus, several approaches have been undertaken to obtain long, aligned CNTs over the last decade or so [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . Additional reasons for these efforts stem from the ongoing challenge to integrate CNTs into micro components, which requires covering large areas in an ordered fashion, in order to implement them in higher integrated device architectures [23] . Such a massive parallel arrangement also requires reliable connection of such CNT arrays in order to use them in, e.g., micro scaled electronic devices. Recently, we have shown that making electrical contact to CNT arrays is indeed possible if such CNT arrays are synthesized over larger substrate areas and display sufficient mechanical stability [24] .
Concerning the CNT synthesis, growth promoters such as thiophene, pure sulfur or hydrogen, and chemical oxidants such as oxygen, organic molecules (e.g., ethanol, ethers, aldehydes, ketones) or water have been employed for preparing ultra-long, aligned CNTs [8, [23] [24] [25] . The ratio of the carbonaceous C x H y molecular source used and additional growth promoters such as H 2 , as well as H 2 O or oxygen containing organic molecules such as ethers, or ketones as oxidizing agents, have a subtle influence on the purity, growth rate and final growth height of vertically oriented CNTs. Oxygen containing organic molecules and water act as oxidizers and thereby increase the activity and lifetime of the metallic catalyst particles by removing amorphous carbon, which is typically formed during the growth process, from the particle's surface. Due to this undesired deposition of carbon, the catalyst becomes poisoned in the early stages of the CNT growth. Nevertheless, there are reports on the vertical growth of up to mm long CNTs, even without the additional supply of such oxidizing agents [13, [26] [27] [28] . Thus, the exact role of such promoters and oxidizers is still unclear. Despite the intensive studies towards this end, it remains an interesting task to provide a straightforward and low-cost production method for obtaining good quality aligned multi-walled CNTs (MWCNTs) by a straightforward and easy to use technique.
Herein we report on the synthesis of ultra long, aligned, MWCNTs using benzene and ferrocene as molecular precursor and catalyst respectively, employing a single step, atmospheric pressure, CVD technique, which requires no additional carrier (e.g., Ar) or process gas (e.g., H 2 ), and no oxygen containing compound as oxidant, for growing mm long CNT arrays. In addition, we show that SAXS is a valuable technique for studying the alignment of CNTs up to μm sized dimensions.
Results and Discussion
Scanning electron microscope (SEM) images of aligned CNTs, prepared in the temperature range of 650 to 1100 °C, with ferrocene/benzene as catalyst and precursor, are shown in Figure 1 . The length of the grown CNTs increased with temperature, and up to millimeter long CNTs were obtained at a temperature of 1100 °C. Furthermore, the formation of a significant amount of amorphous carbon was found on the top of the grown CNTs when the synthesis temperatures did not exceed 650 °C. However, on increasing the temperature to 1100 °C, the deposition of amorphous carbon was significantly reduced under the same reaction conditions, i.e., the same precursor gas composition, and the formation of CNTs was highly favorable. A CNT felt-like material (CNT mat) containing vertically aligned CNTs could then be routinely collected from the inner walls of the quartz reaction tube or from a quartz substrate placed within (Figure 2b ). The length of the as-synthesized CNTs as a function of the synthesis temperature increased monotonically ( Figure 2c ).
An Arrhenius plot (Figure 2d ) showing the length (l n ) dependence of the CNTs on the furnace temperature allows us to calculate the activation energy for the CVD synthesis process and was found to be 0.68 eV [29] . It is noteworthy that the activation energy (E A ) was reported to be 1.2-1.8 eV for a thermally activated CVD process and significantly lower, at 0.3 eV, for a plasma enhanced CVD process (PECVD) [30] . A higher activation energy indicates that the growth of CNTs is mainly by bulk diffusion, while a lower activation energy is due to a surface diffusion limited process. The calculated value of E A in the CVD process employed herein, suggests that the increase in length is mainly due to an enhanced surface diffusion process of the reactive carbon species with increasing syn- thesis temperature. The alignment of the CNTs can be attributed to the formation of a high density of catalytically active iron particles, which allows for a very dense and simultaneous vertical growth of CNTs. Once the initial CNT formation is established, CNT growth continues in the vertical direction and is further reinforced by the presence of nearby surrounding CNTs, which display multiple van der Waals force interactions and mechanically stabilize the large area growth in the vertical direction [31] . The fate of the iron catalyst in the CNT array structure can be probed by EDS. The elemental composition of the surface of the quartz substrate after the aligned mat was peeled off (Figure 2e) , and on the top of the aligned CNTs (Figure 2f) , reveals that the iron content on the quartz surface was much higher (Figure 2e ) compared to that on top (Figure 2f ). This finding suggests a strong interaction between support and catalyst and points to a base growth process during CNT formation [32] [33] [34] . X-ray diffraction (XRD, Cu Kα, λ = 1.5406 Å) measurements were performed on materials grown at 650 and 1100 °C on the quartz substrate without peeling off the aligned MWCNTs, and the results are shown in Figure 3 . The XRD results confirm the graphitic nature of the MWCNTs and the presence of the Fe catalyst.
The microstructure of the aligned CNTs was investigated using TEM ( Figure 4) . It is interesting to note from Figure 2c that the diameter was almost independent of the preparation tempera- ture. High resolution TEM (HRTEM) images (Figure 5a-f) of CNTs, prepared in the temperature range between 650-1100 °C, confirm the well crystallized multi-layered graphitic tubular structure with more than 50 layers and outer diameters of 75-85 nm (Figure 5g and 5h) . HRTEM micrographs taken on one side of a MWCNT prepared at 650 and 1100 °C reveal that the CNTs are well crystallized. No catalyst particles were found either inside the tubes or embedded in the wall structure of the CNTs.
It has been well established that the diameter of the CNTs formed in a CVD process depends strongly on the size of the catalyst particles used [35] . In a typical CVD process, either the catalyst and carbon source materials are continuously supplied, or only the carbon source is supplied during the process and the catalyst particles are pre-deposited on the substrate, e.g., by vapor deposition or even by ink jet printing [36, 37] . Typically, at elevated synthesis temperatures, larger catalytic particles are formed due to the increasing mobility of the as-deposited cata-lyst particles on the substrate surface compared to lower temperatures [38] . The continuous supply during the deposition process of the source materials also contributes to the increase of the CNT diameter. Consequently, CNTs of larger diameter are obtained at higher synthesis temperatures [35] [36] [37] [38] [39] [40] . In the present synthesis methodology, the experimental set up was modified such that the precursor mixture vaporized and the gasphase precursor species were driven to the hot reaction zone without any additional transport gas. In the hot reaction zone, the precursor mixture pyrolyzed into carbon species and iron, resulting in the formation of CNTs on the quartz substrate or the inner walls of the quartz tube. Due to the chosen set up, there was no steady and continuous supply of catalyst or carbon source material to the reaction zone. Thus, the catalyst particle concentration remained nearly constant and low, such that during the growth of the CNTs no obvious, significant agglomeration of catalyst particles, to form larger aggregates beyond a certain size, occurred. This resulted in only a minor increase of the CNT diameter, even when the synthesis temperature was increased over a wide range (650-1100 °C).
Single and isolated long CNTs can be detached easily from the aligned CNT bundle or mat like structure. Atomic force microscope (AFM) images of individual CNTs, synthesized at 650 °C and 1100 °C, are depicted in Figure 6 . They confirm the uniform diameter as found by TEM. SAXS and small angle neutron scattering (SANS) are powerful indirect techniques to study the orientation of aligned CNTs and to provide information on their average diameters [41] [42] [43] [44] [45] [46] [47] . Accordingly, values for CNT diameter were extracted from the SAXS patterns. The observed SAXS intensity can be described as where is the form factor of the cylindrical rod given as with the tube radius R, the scattering wave vector q = and J 1 is the first order Bessel function [48] . describes the structure, i.e., the arrangement of the pores, D corresponds to the roughness at the tube interfaces, k is a scaling factor due to arbitrary units of intensity and I backgr. is the constant background intensity. The brackets denote the average, with respect to the radius, of the cylinders modelled with a Schulz-Zimm distribution. The intensity curve was extracted from the two-dimensional (2D) detector with a narrow rectangular filter [49] . The structure was modelled according to a calculated structure factor [49, 50] . Figure 7a and 7b present the resulting scattering intensity and the contribution of single terms from the scattering experiment. A diameter of ~80 nm, obtained from the best fit of the SAXS experiment, is indeed comparable with the results from the HRTEM studies for individual CNTs samples, e.g., prepared at 1100 °C (Figure 7a ). However, a diameter of 100 nm was determined for CNTs prepared at a significantly lower synthesis temperature of 650 °C (Figure 7b ). Therefore the diameter for these CNTs obtained at lower temperatures was seen to be significantly bigger (~100 nm) than that obtained from the HRTEM studies (~80 nm). This discrepancy is probably due to the larger intertube distance for CNTs prepared at the lower temperature. Indeed it can be inferred from SEM that the aligned CNTs obtained at 1100 °C (Figure 7c) show a narrower inter-tube distance with a more dense packing than those prepared at 650 °C (Figure 7d ) which are more loosely packed. Figure 8a shows the Raman spectra of the aligned CNTs prepared at the lowest synthesis temperature of 650 °C, as well as the highest temperature of 1100 °C. Two peaks at 1348 and 1578 cm −1 were observed. The tangential mode at 1578 cm −1 (G band) corresponds to crystalline graphitic layers, while the peak at 1348 cm −1 (D band) corresponds to the disordered, amorphous fraction of the CNT sample. The intensity ratio I D /I G gives information on the amount of non-graphitic (sp 3 ) versus graphitic (sp 2 ) carbon species [51, 52] . The ratio I D /I G was found to be 0.91 and 0.583 for samples prepared at 650 and 1100 °C, respectively. The latter reduced value of I D /I G corresponds to a higher degree of graphitisation in CNT formation and a lower sp 3 carbon content (due to residual non-graphitic carbon) in the samples prepared at 1100 °C.
Thermogravimetric analysis (TGA) measurements were carried out for the synthesized CNT material grown at 650 and 1100 °C in a dry air atmosphere with a heating rate of 10 °C/min and show the typical temperature behavior of high quality CNTs (Figure 8b ). The weight loss for CNTs synthesized at 650 °C, started at 490 °C and continued to increase rapidly with temperature, until a stable plateau at 620 to 750 °C (final point of measurement) was reached, leaving a residual weight of 8 wt %. The weight loss for CNTs synthesized at 1100 °C started at 525 °C, until a stable plateau was reached at 715 to 750 °C, leaving a residual weight of ~7 wt %. Thus a purity of between about 92 and 93% of the total mass can be estimated.
The remaining masses in both samples may come from residual graphitic carbon impurities which decompose at significantly higher temperatures and from the remaining iron catalyst.
Conclusion
In conclusion, we report the growth of millimeter-long CNTs by a direct CVD method. The synthesis technique is a one-step CVD process in which no carrier gas, pre-deposited metal catalyst particles, or growth promoters such as oxidants are required for the preparation of long, vertically aligned CNTs. It was shown that the length of CNTs increased with increasing synthesis temperature, while their diameter was almost independent of the synthesis temperature over a wide range. A base growth mechanism of aligned CNTs, supported by the experimental results, was proposed. It could be shown that the SAXS technique offers a versatile spectroscopic tool for determining the CNT diameter as well as the CNT alignment in a bundle arrangement.
Experimental
A mixture of ferrocene (~18 mg) and benzene (2mL) was placed in quartz tube of internal diameter 1.0 cm and length 70 cm, closed at one end [53] [54] [55] . The other end of the quartz tube was connected to a rubber bladder to collect the exhaust gases. The precursors were vaporized inside a horizontal furnace and heated to the desired pyrolysis temperature (range 650-1100 °C) at a rate of 20 °C/min. When the final reaction temperature was reached, it was maintained for 30 minutes and the reactor was then cooled to room temperature. The growth of aligned CNTs occurs at the inner walls of the quartz tube in the hot reaction zone. The isolated material was characterized by SEM, transmission electron microscopy TEM, AFM, EDS, TGA and Raman spectroscopy.
